Determination of the Intershell Conductance in Multiwalled Carbon Nanotubes 
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We report on the intershell electron transport in multiwalled carbon nanotubes (MWNT). To do 
this, local and nonlocal four-point measurements are used to study the current path through the 
different shells of a MWNT. For short electrode separations < 1 /im the current mainly flows through 
the two outer shells, described by a resistive transmission line with an intershell conductance per 
length of ~(10 kr2) _1 //im. The intershell transport is tunnel- type and the transmission is consistent 
with the estimate based on the overlap between 7r-orbitals of neighboring shells. 

PACS numbers: 73.63.Fg, 73.40.Gk, 73.23.-b, 72.80.Rj 
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The specific geometry of MWNTs that consist of sev- 
eral nested cylindrical graphene shells (Fig. 1(a)) has 
motivated intense work to understand their mechanic and 
electronic properties 0. MWNTs are found to conduct 
charges exceptionally well with a conductivity better Q 
or comparable [3j to that of low- resistivity metals. This 
high conductivity is attributed to the low level of diffu- 
sion experienced by conducting modes along the shells. 
These modes are characterized by long wavelengths in 
the circumference direction (Fig. 1(b)) as predicted from 
the electronic structure calculation, which is based on the 
delocalisation of 7r-orbita! states along the shell surface 
(Fig. 1(c)). 

In MWNTs, neighboring shells are most often incom- 
mensurate. The resulting lack of periodicity is expected 
to inhibit the charge derealization in the radial direc- 
tion. The intershell conduction is thus governed by hop- 
ping and depends on the 7r-orbital overlap of nearby shells 
(Fig. 1(c)). Therefore, the intershell conduction mecha- 
nism is thought to be significantly different compared to 
that in the sheet plane. However, the intershell resistance 
remains to be experimentally quantified. 

As a first indication for the intershell resistance one 
could think of relying on the interlayer resistivity of pure 
graphite ~ 10 -5 ftm. But, this value is ultra sensi- 
tive to the material quality and the interlayer separa- 
tion, so that the resistivity is easily increased up to 
~ 1CT 3 fhn 0,H,IH0- On the theoretical side, many 
groups have studied the intershell conduction but results 
differ dramatically depending on the model hypotheses 
BIlEllllEEQHIlii- For example, zero in- 
tershell transport is predicted for an infinitely long and 
perfect tube, since both the energy and the Bloch wave 
vector have to be conserved I n contrast, it has been 
shown that the intershell transmission is large when elec- 
trons are injected as localized wave packets from outside 
the shell [l0|. The attenuation length, which is the length 
necessary for a charge flowing along a shell to propagate 
into the next shell, was found to be very short L a ~1-10 
nm |icj . Experimentally, some results indicating current 
anisotropy have been reported. It has been suggested 
that the current flows through one or a few of the out- 




FIG. 1: (color online). Description of multiwalled nanotube. 
(a) A MWNT which consists of 4 shells, (b) A graphene 
sheet which gives a MWNT shell when rolled-up. Also shown 
is the slowly varying transverse part oc exp(ikr) of the elec- 
tronic wave function. \&o corresponds to the two crossing 
subbands at the K point and ^1 and ^2 to the next suc- 
cessive subbands. (c) A hexagon of carbon 7r-orbitals. The 
two hexagons belong to two nearby incommensurate shells. 
The intershell resistance depends on the orbital overlap, (d) 
Current pathways. The 3 outermost shells are represented by 
lines of different colors. When current is externally applied, 
the current enters and exits the MWNT through the outer- 
most shell. Importantly, part of / flows through to the second 
shell, so that the current pathway penetrates beside the region 
lying between the bias electrodes, (e) Resistive transmission 
line, which models the two outermost shells. 



ermost shells 0, when the current is injected in the 
outer shell. 

We report here a new method to access the electronic 
paths in MWNTs which enables the estimation of the lin- 
ear intershell resistance. Using four-point measurement 
techniques, the voltage drop is measured between elec- 
trodes located inside or outside the region lying between 
the current biased electrodes. Surprisingly, a significant 
nonlocal voltage drop is observed. Such a result has been 
reported previously in a proceeding an d attributed 
to multiple shells conduction with the intershell electron 
pathways occurring near defects or tube end caps. We 
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show here that the nonlocal voltage drop decreases ex- 
ponentially with distance. Moreover, the local voltage 
measured in a standard four-probe configuration drops 
when the distance between the current electrodes is in- 
creased. These results are in agreement with a model 
which considers conduction through the two outermost 
shells and treats them as a resistive transmission line 
(Fig. l(d,e)). In such a model, the intrashell resistance 
is ~ 10 kfi//xm and the intershell conductance is ~(10 
ki7) _1 //im. This latter value is in agreement with the 
estimate based on electrons tunnelling through atomic 
orbitals of nearby shells while taking into account con- 
servation of energy but not momentum. From this value, 
and the 0.34 nm intershell separation, we deduce a radial 
resistivity for MWNTs of ~1 fhxi, much larger than that 
of bulk graphite. 

We look first at the measurements of the nonlocal volt- 
age AVnoniocai (schematic of Fig. 2(a)). AV n0 niocai is 
linear with the applied current / at low bias. Such a fi- 
nite nonlocal voltage at room temperature is a signature 
of systems possessing complex current pathways and is 
particularly evident in anisotropic materials such as high- 
temperature superconductors [l8|. An example of cur- 
rent pathway is illustrated in Fig. 1 (d) . Interestingly, the 
values of the nonlocal resistance AV non i oca i/I are com- 
parable for all ~ 40 studied MWNTs, which suggests 
similar current pathways for different MWNTs. Indeed, 
we get Vnoniocai/I = 430±90 fi for devices with 400 nm 
electrode separations. 

Now, we turn to the spatial dependence of the nonlocal 
voltage. For this purpose, 11 electrodes were attached on 
a single MWNT with about 20 shells. This allowed us 
to probe the AV non i oca i dependence on the lengths x, L 
and d, where x is the separation between the voltage and 
current electrodes, L the separation between the current 
electrodes and d the separation between the voltage elec- 
trodes. Figure 2(a) shows that AV non i oca i/I decreases 
exponentially with x with a decay length of 0.94 /mxi. 
We note that the current is zero far from the current 
electrodes such as at the tube end caps, showing that 
those play a negligible role in the current pathway. To 
verify this measurement, the voltage profile is measured 
along the tube with the farthest electrode taken as volt- 
age reference (Fig. 2(b)). Again, the voltage decreases 
exponentially with a decay length equal to 0.92 /im. 

When the separation L between the current biased 
electrodes is increased, AV non iocai gets larger as shown 
in Fig. 2(c). The spatial dependence is an exponential 
with a characteristic length of 0.94 /im. This measure- 
ment shows that more current is injected in inner shells 
for longer L. Indeed, only the current in the inner shells 
leads to current though the outermost shell in the non- 
local region (see Fig. 1(d)). 

We now turn our attention to the traditional four- 
point configuration with local voltage AVi oca i measure- 
ments. Fig. 3 shows that AVi oca i is not independent 
on L the distance between the current probes as would 
be expected for a standard four-point measurement, but 
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FIG. 2: (color online). Nonlocal voltage measurements on a 
MWNT electrically addressed by 11 electrodes. The schemat- 
ics show the 5 /mi long MWNT. The diameter is 17 nm, which 
corresponds to about 20 shells. The MWNT, synthesized by 
arc-discharge evaporation and carefully purified |2Sjl . was dis- 
persed onto a 500 nm oxidized Si wafer from a dispersion in 
dichloroethane. Cr/Au electrodes were patterned above the 
tube by electron beam lithography, (a) AVnoniocai as a func- 
tion of the separation between the current and the voltage 
electrodes. AVnoniocai /I is plotted on a logarithmic scale. 
The straight line corresponds to a decay length of 0.94 /mi. 
Data are taken at 250 K. AVnoniocai 1 1 is measured in the lin- 
ear regime with eV = eIR,2p below kT, Rip being the two- 
point resistance, (b) Nonlocal voltage as a function of the 
tube length. The voltage reference is taken at the extremity 
of the electrode series. The continuous curve is an exponential 
decay fit with a decay length of 0.92 /im. (c) AVnoniocai as 
a function of the separation between the current electrodes. 
The continuous curve is proportional to 1 — exp(— L/L a ) with 
L a = 0.94 /im. 



instead AVi oca i increases as L is reduced. The spatial 
dependence is consistent with an exponential decay with 
a characteristic length of 2 /im, which is twice the value 
found above. This result points to the same finding as in 
the last paragraph, namely that the current injected into 
the inner shells increases with the separation between the 
current biased electrodes. 

The current injection into the inner shells might be 
related to the electrodes. The MWNT structure could 
be modified by the process used for the fabrication of 
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FIG. 3: (color online). Local voltage as a function of sepa- 
ration between the current biased electrodes. L is symmetri- 
cally increased with respect to the center between the voltage 
electrodes. The continuous curve is exponential with a decay 
length equal to 2 /im. 



electrodes on top of the tube. However, measurements 
using a different device configuration, where the MWNT 
was deposited on top of existing electrodes, give simi- 
lar results. This suggests that the fabrication process 
does not result in any MWNT damage that modifies 
its transport properties. An alternative effect related to 
electrodes might be that their presence is at the origin of 
the length dependence of AVi oca i and AV non i oca i- Indeed, 
the decay length is comparable to the electrode separa- 
tion. To control for this effect, devices were fabricated 
with 6 electrodes separated by 400 nm except between 
the fourth and the fifth electrodes that were separated by 
1100 nm. The two middle electrodes are current biased. 
The AVnoniocai measured at x =400 nm is lower than 
that measured at x =1100 nm with a ratio consistent 
with measurements on MWNTs contacted by electrodes 
separated always by 400 nm. Therefore, the observed 
exponential dependences are an intrinsic property of the 
MWNTs we study. In addition, the metal electrodes do 
not provide additional pathways for the current to flow, 
short-circuiting the outer shell. Indeed, AV non iocai/I is 
observed to not depend on a low or large transmission at 
the contacts [T^ |. 

We discuss now the number of current carrying shells. 
The nonlocal voltage on the outermost shell is seen to 
decay exponentially on the scale of a micron. Thus, a 
fraction of the current leaves the outermost shell to pen- 
etrate into the inner shells over a typical length scale of 
L a ~ 1 /im. The same phenomenon is expected to occur 
between the second shell and deeper shells. Due to the 
exponential dependence, only a small fraction of the cur- 
rent is thus expected to reach the third and the deeper 
shells when the separation between the current bias elec- 
trodes is lower than ~ lpxsx. 

Now, we consider a model based on a resistive trans- 
mission line for a quantitative analysis of the results (Fig. 
1(e)). On a 5x length, the intershell conductance is gSx 
and the intrashell resistances are p\5x and pibx. For an 
infinite long MWNT, it gives 
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with L a 1 = y/g{pi + p 2 
exponential form of AV r 
L with the same characteristic length L a , in excellent 
agreement with experiments. AVi oca i/I is expected in 
equation (2) to depend exponentially on L, this time with 
a characteristic length 2L a , which agrees again with ex- 
periments. 

We estimate here pi, p2 and g by taking L a =0.93 pm. 
and comparing equations (1,2) to the measured values of 
AVnoniocai/ 1 for x = L = d =0.4 pm and AVi oca i/I for 
d = L/3 =0.4 pm. However, A V no nlocal/I or AVi OC ai/I 
are not constant for different sections of the tube. These 
variations are attributed to local inhomogencitics in the 
electronic diffusion along the shell and/or to the impre- 
cision in x, L and d due to the finite width 200 nm 
of the electrodes. Indeed, the electron transmission is 
probably non uniform along the tube/electrode interface 
and occurs at one or a few more preferential places. For 
a more accurate determination, we average over the 8 
independent measurements obtained by translating the 
set of active probes by one unit each time. We get 
AVnoniocai/I =780±170 fl and AVi oca ilI =4.8±0.4 kO. 
This gives pi ~22 kO/^m, p 2 ~1 kSl//iin and g ^(20 
kil)^ 1 / pm. Taking these values and assuming the resis- 
tivity of the third shell p% = p2 , we estimate the transport 
contribution of the third shell to be less than 10% for a 
length shorter than 5 pm. This supports the double shell 
conduction analysis used here. 

The same analysis is made for 8 different MWNTs 
which are 6-23 nm thick and which are connected by at 
least 7 electrodes. We obtain L a =0.4-1 pm, P \ =6-25 
kfl/pm, p 2 =0.05-2pi and g = (3.7-20 kty^/pm. We 
note that P \ is consistent with the MWNT resistance per 
length previously obtained [2(| • In addition, the estimate 
for p2 is very sensitive to variations of AV n0 niocai/I and 
AViocai/I- However, p2 is most often found lower than 
pi, which suggests stronger diffusion in the outermost 
shell than in deeper shells. A possible explanation is that 
inner shells are protected by the outermost shell, which 
may be in direct contact with some adsorbed molecules 
or which may have been degraded during manipulation. 

The intershell conductivity g ~(10 kfi) -1 / pm is rela- 
tively large, when compared to most theoretical expec- 
tations |a 11 13 El 111 13 13 13 III As for the de- 
pendence on temperature T, Fig. 4(a) shows a weak 
variation AV non io C ai/I versus T above 10 K, which sug- 
gests that the intershell conduction is not thermally acti- 
vated. At lower temperatures, quantum effects appear as 
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FIG. 4: Nonlocal voltage at low temperature, (a) AKoniomi 
as a function of temperature measured from 8 to 280 K. The 
MWNT diameter is 7 nm and the electrode separations are 
450 nm. AV non i oca i is averaged over the gate voltage, (b) 
AVnoniocai as a function of gate voltage. 

seen in the sensitivity of A.V non i oca i / 1 to a gate voltage 
which may be attributed to electronic interference and/or 
Coulomb interaction (Fig. 4(b)). Importantly, the 
nonlocal voltage is well above zero showing that the inter- 
shell transmission is far from being blocked for T above 
1.4 K. 

The intershell conductance g is compared here to the 
predictions of tunnelling conductance G a tom through the 
7r-orbital overlap between 2 atoms of nearby shells. As- 
suming elastic tunneling, G a tom is given by [22^ 



Gatom — ^ N atom E bin (3) 

with Ebi n the binding energy due to electronic delo- 
calisation and N a tom = T^j^fr ^ ne density of state per 

atom. S = 2.6 A 2 is the surface occupied by one atom, 
r the shell radius, Vf — 10 6 ms _1 the Fermi velocity 
and n — 10-20 the number of modes due to doping [23l ]. 
Gatom is related to g through g = Gatom^- Using g 
1 f ) kf7) _1 //im, n — 15 and r—5 nm, we obtain that Ef, in 



is on the order of 25 meV, in agreement with reported 
values for graphite. Indeed, the binding energy due to 
electronic delocalisation has been reported to contribute 
significantly to the interplanar cohesive energy, which has 
been theoretically estimated 0> HH a * ~ 25 meV and 
measured [2f| around ~ 35 meV. We note that Eq. (3) 
gives a rather rough estimate for the intershell conduc- 
tion. Indeed, G a tom is expected to be reduced due to 
shell incommensurability or Bloch wave vector conserva- 
tion which is obeyed only partially because of disorder, 
finite tube length and tube deformation due the substrate 
roughness. On the other hand, the tube deformation can 
locally enhance the orbital overlap and thus g. However, 
a quantitative estimate of these effects is difficult at this 
stage. 

The measure of the intershell conductance represents 
an important step in the characterisation of basic MWNT 
properties. We have found that the intershell conduc- 
tance is largely independent of temperature and is con- 
sistent with tunnelling through orbitals of nearby shells. 
We have also shown that the current flows mainly along 
individual shells that are rather efficiently insulated from 
each other in spite of the short 0.3 nm shell separation. 
The control of charge pathways on the angstrom scale 
is obviously promising for future experiments or appli- 
cations. For example, the effect on transport of the 
Coulomb interaction between neighbouring shells can be 
studied. It is also possible to fabricate an intramolec- 
ular field-effect transistor based on engineered MWNTs 
[271 128| using a thin-diameter semiconducting shell that 
is gated by the next shell. 
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